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Abstract
A Large Eddy Simulation (LES) of base drag reduction for automotive side view mirrors using passive Jet Boat-Tail (JBT) passive
ﬂow control is conducted. The JBT passive ﬂow control technique is to introduce a strong jet by opening an inlet in the front of
a bluﬀ body, accelerate the jet via a converging duct and eject the jet at an angle toward the center of the base surface. The high
speed jet ﬂow entrains the free stream ﬂow to energize the base ﬂow and increase base ﬂow pressure. The LES investigation of ﬂow
over a JBT mirror and baseline mirror model is conducted with a low diﬀusion E-CUSP scheme with ﬁfth order WENO scheme
for the inviscid term and fourth order central diﬀerencing for the viscous term. The LES calculation indicates that strong passive
ﬂow jet enhances the ﬂow entrainment, which mixes with the main ﬂow and transfers the energy from the main stream to the base
ﬂow by increasing base ﬂow pressure, thus reducing pressure drag. The preliminary analysis of the ﬂow structures with wake and
jet interaction is presented.
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1. Introduction
Aerodynamic design of automobiles is an important part in designing commercial vehicles with high energy ef-
ﬁciency and low emission. With the typical blunt body shape of road vehicle, reducing base ﬂow drag is a very
important issue [1]. Current available methods for drag reduction of bluﬀ bodies include boat-tailing, base-bleed and
moving surfaces etc. [2]. Boat-tailing can reduce the drag of tractor-trailer while increasing vehicle length a lot. For
the base-bleeding concept, a stream of air is introduced to create extra counter-rotational vortexes in its original wake
vortices, by opening a hole at front stagnation point to the rear base surface. This method is rarely used because it
impairs the overall design and some functions of the vehicles. A typical moving surfaces control method is emploing
rotating cylinders to reduce boundary layer separation [3]. The eﬀectiveness of rotating cylinders on reducing the drag
of trucks are veriﬁed with wind-tunnel tests. However, the power requirement for the device to rotate the cylinders is
probably its limitation.
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The rear view side mirrors impose a non-negligible contribution to the overall drag of automobiles for their con-
siderable cross-ﬂow dimension and to the high values of their drag coeﬃcient [2]. Usually the aerodynamic drag
induced by rear view side mirrors accounts for about 2%-7% of total aerodynamic drag of a vehicle. Recently, a novel
Jet-Boat Tail(JBT) control concept is introduced and studied by Zha et al. [4,5]. As is shown in Fig.1, an accelerated
jet is introduced by opening an inlet in the front of the mirror and accelerating the jet via a converging duct. The
strong jet exits at an angle toward the center of the base surface, mixes with main stream and produces large vortex
structures, which entrain the main ﬂow to the base area and energize the base ﬂow with higher base pressure, thus
reduced total pressure drag. Bartow et al. [4] presented a experimental research on two JBT mirror and a baseline
models. JBT-1 with smaller inlet area initiates large coherent paired vortex structures and ﬂow entrainment earlier
than baseline model while JBT-2 generates inversely paired vortices in the shear layer due to the high jet momentum.
Wang et al. [5] measured the drag coeﬃcient of JBT-1 and baseline mirror model. A signiﬁcant drag reduction is
observed from the wind tunnel testing. However, there is still lack of understanding of the mixing mechanism and
detailed ﬂow structures on this new JBT passive ﬂow control concept.
In this paper, systematic research on ﬂow structures baseline and JBT-2 mirror models are preformed using high
ﬁdelity Large Eddy Simulation . The purpose is to conduct a preliminary investigation in air ﬂow over the JBT mirror
and baseline mirror and to explore the drag reduction mechanism with introducing the JBT jet.
Fig. 1. Typical hypothesized ﬂow structures with conventional car mirror and JBT mirror
2. Spatially ﬁltered compressible Navier-Stokes equations
Following the derivation of Knight et al.[6], the spatial ﬁltered compressible Navier-Stokes(NS) equations in Carte-
sian coordinates can be expressed as:
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The overbar denotes a regular ﬁltered variables, and the tilde is used to denote the Favre ﬁltered variable. In above
equations, ρ is the density, u, v,w are the Cartesian velocity components in x, y, z directions, p is the static pressure,
and e is the total energy per unit mass.
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The τ¯ is the molecular viscous stress tensor and is estimated as:
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The above equation is in the tensor form, where the subscript 1, 2, 3 represent the coordinates, x, y, z and the
Einstein summation convention is used. The molecular viscosity μ˜ = μ˜(T˜ ) is determined by Sutherland law.
The σ is the subgrid-scale(SGS) stress tensor due to the ﬁltering process and is expressed as:
σi j = −ρ¯(u˜iu j − u˜iu˜ j) (3)
The energy ﬂux Qi is expressed as:
Qi = u˜ j(τ¯i j + σi j) − q¯i + Φi (4)
where Φi is the subscale heat ﬂux, q¯i is the molecular heat ﬂux.
The implicit LES strategy for the closure of the SGS stress tensor and the energy ﬂux adopted in [7,8] is also
employed in this research.
In generalized coordinates(ξ, η, ζ), the governing Eq.(1) can be expressed as the following conservative form:
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where Re is the Reynolds number. The conservative variable vector Q, the inviscid ﬂux vectors E, F,G, and the
viscous ﬂuxs R, S , T are expressed as
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where U, V and W are the contravariant velocities in ξ, η, ζ directions. J is the Jacobian of the transformation.
2.1. The Low diﬀusion E-CUSP (LDE) scheme
The LDE scheme developed by Zha et al [9] is employed to evaluate the inviscid ﬂuxes. The basic idea of the
LDE scheme is to split the inviscid ﬂux into the convective ﬂux Ec and the pressure ﬂux Ep. Even with the one extra
equation from the S-A model, the splitting is basically the same as the original scheme for the Euler equation and is
straightforward. This is an advantage over the Roe scheme, for which the eigenvectors need to be derived when any
extra equation is added to the governing equations.
In generalized coordinate system, the ﬂux E can be split as the following:
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2.2. The ﬁfth-order WENO scheme
The interface ﬂux, Ei+ 12 = E(QL,QR), is evaluated by determining the conservative variables QL and QR using
ﬁfth-order ﬁnite diﬀerence WENO scheme [[10] and [11]]. For example,
(QL)i+ 12 = ω0q0 + ω1q1 + ω2q2, (7)
where
q0 = 13Qi−2 − 76Qi−1 + 116 Qi,
q1 = − 16Qi−1 + 56Qi + 13Qi+1,
q2 = 13Qi +
5
6Qi+1 − 16Qi+2,
(8)
The viscous terms are discretized by a fully conservative fourth-order accurate ﬁnite central diﬀerencing scheme[12].
baseline mesh baseline tip mesh JBT mesh JBT tip mesh
Fig. 2. Cross-section mesh of baseline and JBT model
2.3. Implicit time integration
The time dependent governing equations are solved using dual time stepping method suggested by Jameson[13].
To achieve high convergence rate, the implicit pseudo time marching scheme is used with the unfactored Gauss-Seidel
line relaxation. The physical temporal term is discretized implicitly using a three point. The ﬁrst-order Euler scheme
is used to discretize the pseudo temporal term. The semi-discretized equations of the governing equations are ﬁnally
given as the following:⎡⎢⎢⎢⎢⎢⎣
(
1
Δτ
+
1.5
Δt
)
I −
(
∂R
∂Q
)n+1,m⎤⎥⎥⎥⎥⎥⎦ δQn+1,m+1 = Rn+1,m − 3Qn+1,m − 4Qn + Qn−12Δt , (9)
where the Δτ is the pseudo time step, R is the net ﬂux evaluated on a grid point using the ﬁfth-order ﬁnite diﬀerence
WENO scheme for the inviscid ﬂuxes and the fourth-order central diﬀerencing scheme for the viscous terms [10–12].
3. Simulation setup
The baseline and JBT mirror conﬁgurations are described in the paper by Wang et al [5]. Simulations are conducted
with the same free stream speed of 30 m/s and Reynolds number of 2.56 × 105 based on the baseline mirror length.
Far ﬁeld boundary is set at 80 times characteristic length of baseline mirror model. The no-slip boundary condition is
applied on all the wall surfaces. Two multiblock structured meshes are generated for the LES calculations as shown in
Fig. 2. For the baseline model, a mesh of 28.86 million cells is generated with very ﬁne mesh in the wake region. For
the JBT model, a mesh of 25.94 million cells is generated, with reﬁned mesh near the tunnel region and wake region.
The y+1 is calculated from the normal distance of the ﬁrst wall grid and is mostly less than 1, as shown in Fig. 3. The
JBT mirror model has the same external shape as the baseline model except that the JBT model has the front part cut
oﬀ to create an inlet opening. The non-dimensional time step used is 0.02.
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4. Results and discussion
The comparison of simulation results with experiments are shown in Table 1. The calculated baseline model drag
coeﬃcient agrees well with the measurements while the simulated JBT model drag coeﬃcient is overpredicted by
23.9%.
Drag coeﬃcient history from LES is presented from dimensionless time 250 to 310 in Fig 4. Calculated drag
coeﬃcients of baseline and JBT oscillate due to vortex shedding and shear layer instability. Sixty dimensionless time
steps are used to obtain the time-average drag coeﬃcient.
The time-averaged ﬂow streamline in Fig. 5 show a typical bluﬀ body ﬂow structure with a recirculation in the
wake with two counter-rotational vortexes. It is clearly seen that the zero-velocity-streamline enclosing the circulation
zone of the JBT model converges earlier than the baseline model. The speed at the exit of tunnel reaches Mach number
0.13 as shown in Fig. 6, which is much higher than the free stream Mach number of 0.08. The strong jet is important
to enhance the entrainment by interacting with the shear layer from the shell.
Fig. 7 shows the time-averaged static pressure ﬁeld of the baseline and JBT model ﬂow ﬁeld. The pressure in the
base region of the JBT model is signiﬁcantly higher than that of the baseline model and thus generates lower pressure
drag. The static pressure on the shell surface is lower than that of the baseline due to higher ﬂow acceleration induced
by the jet.
Fig. 8 displays time-averaged ﬂow entropy production at the mid-plane of baseline model and JBT model. It can
be seen that the entropy production of red base region of baseline mirror is clear much larger than that of the yellow
base region of JBT mirror model. Higher entropy production indicates that ﬂow over the JBT model undergoes less
energy loss in the base region.
Fig. 9 illustrates the time-averaged total pressure ﬁeld of the baseline and JBT model ﬂow ﬁeld. It is quite clear
that total pressure loss in the base region of baseline model is much larger than that of the JBT model. It indicates
that total pressure loss of ﬂow over the JBT model is less than baseline due to the jet entrainment that transfers energy
from the free stream to low pressure base ﬂow region.
Fig. 10 is the time-averaged streamwise velocity component (x-component, u) contours of the baseline and JBT
model. In the streamwise velocity contours, signiﬁcantly narrowed blue and green regions along the ﬂow path is
observed in ﬂow over JBT mirror, indicating smaller wake velocity deﬁcit in the base ﬂow region. Flow speed at the
jet exit is very high than its neighboring area.
Table 1. Drag coeﬃcient comparison between simulation and experiment.
Exp. Point Baseline JBT Drag Reduction (%)
Cd exp. 0.31 0.23 25.8%
Cd sim. 0.338 0.285 15.6%
Discrepancy(%) 9% 23.9% 39.5%
Fig. 3. Caculated surface mesh ﬁrst normal distance of baseline and JBT model Fig. 4. LES simulated drag coeﬃcient history
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Fig. 5. Time-averaged streamline of baseline and JBT mirror Fig. 6. Time-averaged mach number of baseline and JBT mirror
Fig. 7. Time-averaged static pressure of baseline and JBT mirror Fig. 8. Time-averaged entropy of baseline and JBT mirror
Fig. 9. Time-averaged total pressure of baseline and JBT mirror Fig. 10. Time-averaged x-componet velocity of baseline and JBT mirror
Instantaneous streamwise velocity contours are displayed in Fig. 11. The shear layer of the baseline model is more
opened up going downstream whereas the JBT wake is more converging with the reduced width. The same trend is
also shown in the instantaneous vorticity contours in Fig. 12. It is clearly that the coherent vortex structures in the
shear layer emanating from the wall surface of the baseline mirror. The baseline base ﬂow is dominated by small ﬂow
structures and chaotic turbulent ﬂow. Larger ﬂow structures are discovered in the JBT base ﬂow area with the vortex
paring in the shear layer. In the JBT base region, the dominant vortex structures are much larger than those of the
baseline model, conveying a stronger entrainment eﬀect from the main stream to the base region.
5. Conclusion
In this paper, a preliminary analysis of LES investigation of drag reduction mechanism of JBT passive ﬂow control
concept is performed. LES calculation indicates that the JBT technique is very eﬀective to reduce base ﬂow drag on
automobile rear-view mirrors. It is also clear that the introduced passive jet enhances the ﬂow entrainment, which
mixes with the main ﬂow and transfers the energy from the main stream to the base ﬂow by increasing base ﬂow
pressure, accordingly reducing pressure drag. High speed jet interaction with the shear layer enhances the ﬂow
entrainment and mixing by generating vortex pairing. The baseline base ﬂow is dominated by chaotic turbulence,
while Large ﬂow structures are observed in the JBT base ﬂow area.
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(a).t¯ = 280 (b).t¯ = 281 (c).t¯ = 283 (d).t¯ = 284
Fig. 11. Instaneous x-componet velocity contours at the tip of baseline and JBT model
(a).t¯ = 280 (b).t¯ = 281 (c).t¯ = 283 (d).t¯ = 284
Fig. 12. Instaneous vorticity contours at the tip of baseline and JBT model
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